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Little is known about the mechanism by which embryonic liver, lung, and pancreas progenitor cells emerge from the endodermal epithelium to
initiate organogenesis. Understanding this process and its genetic control provides insight into ontogeny, developmental abnormalities, and tissue
regeneration. We find that shortly after hepatic endoderm cells are specified, they undergo a transition from a columnar, gut morphology to a
pseudostratified morphology, with concomitant ‘‘interkinetic nuclear migration’’ (INM) during cell division. INM is a hallmark of pseudostratified
epithelia and the process used by neural progenitors to emerge from the neural epithelium. We find that the transition of the hepatic endoderm, but
not the neural epithelium, to a pseudostratified epithelium is dependent upon the cell-autonomous activity of the homeobox gene Hex. In the
absence of Hex, hepatic endoderm cells survive but maintain a columnar, simple epithelial phenotype and ectopically express Shh and other genes
characteristic of the midgut epithelium. Thus, Hex promotes endoderm organogenesis by promoting the transition to a pseudostratified epithelium,
which in turn allows hepatoblasts to emerge into the stromal environment and continue differentiating.
D 2005 Elsevier Inc. All rights reserved.Keywords: Homeobox; Epithelium; Endoderm; Liver; Organogenesis; BuddingIntroduction
The budding of embryonic tissues from sheets of progenitor
cells is fundamental to the development of many metazoan
organs and structures (Hogan, 1999), but the extent to which
common mechanisms are used for different germ layer
derivatives is unclear. In birds and mammals, embryonic
progenitors to the digestive and respiratory organs initially
exist in a single cell thick, epithelial sheet of endoderm that
lines the ventral surface of the embryo. Different tissues are
specified within the endoderm as it folds into a gut tube, during
which time organ progenitors bud out of the epithelium and
form distinct tissues. To date, the endoderm organogenesis
field has focused on genes that control early cell differentiation
and tissue-specific gene expression (Wells and Melton, 1999).
Yet, the cellular mechanisms that allow organ progenitors to
bud away from the gut tube and into the stromal environment0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.11.006
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E-mail address: zaret@fccc.edu (K.S. Zaret).are not known. The mechanics of cellular emergence in
organogenesis may be recapitulated during tissue repair and
tumorigenesis and may be important for properly differentiat-
ing progenitor and stem cells. With these points in mind, we
investigated the basis for the emergence of liver bud cells from
the endoderm during mouse embryonic development.
Tissue budding has been studied extensively in the limb and
lung, but most of the analysis has been on signaling control and
morphogenesis at the level of tissues, rather than cells. Upon
liver specification, by the 7–8 somite pair stage of mouse
development (7–8S; 8.5 days post-conception, E8.5), the
hepatic endoderm activates early liver genes and rapidly forms
a columnar epithelium that thickens away from the gut lumen
and into the stroma. The endoderm cells are polarized, with their
apical surface facing the gut lumen and the basal surface facing
the stroma. The stroma elicits further developmental signals
(Rossi et al., 2001; Matsumoto et al., 2001) and, by E9.5, is the
environment into which the hepatic endoderm cells will
delaminate, forming a liver bud (Wilson et al., 1963). In this
paper, we investigate the genetic control of early liver bud290 (2006) 44 – 56
www.e
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tiation. Although cellular delamination does not occur for
branching epithelial tissues such as for the salivary gland and
kidney (Affolter et al., 2003), branching initiates from placodes,
or initial bud sites, that structurally resemble the thickened
hepatic endoderm as it invaginates from the gut tube.
Previous studies showed that Hex , which encodes a
homeobox-containing protein of the Antennapedia/Ftz class
(Crompton et al., 1992), is expressed in the foregut endoderm
and is necessary for liver development (Martinez-Barbera et al.,
2000; Keng et al., 2000; Wallace et al., 2001). In Hex-null
embryos, the endoderm initiates the expression of liver-specific
genes and becomes columnar, but, at the ~12S stage, further
morphogenesis of the liver bud ceases (Bort et al., 2004). By the
24S stage in Hex-null embryos (E9.5), liver gene expression is
no longer evident. Hex-null embryos also lack the development
of thyroid and ventral pancreas buds (Martinez-Barbera et al.,
2000; Bort et al., 2004), and Hex-null ES cells, in mouse embryo
chimeras, are unable to populate the lung (Guo et al., 2003).
Thus, Hex is required generally for foregut organmorphogenesis
and the maintenance of cell differentiation.
We previously showed that Hex-null endoderm cells in the
hepatic progenitor region, at 14–18S, do not exhibit enhanced
signs of apoptosis but rather exhibit about 60% of the
proliferative rate of normal hepatic endoderm cells (Bort et al.,
2004). Thus, while Hex is required for a normal proliferation
rate (Newman et al., 1997; Obinata et al., 2002; Bort et al.,
2004), it is not essential for replication of the newly specified
hepatoblasts. Furthermore, we found that the proliferative rate of
wild-type Hex-expressing hepatic endoderm, which is actively
budding at the 18S stage, is not significantly different than the
proliferative rate of nearby lateral gut endoderm cells, which do
not express Hex and do not bud (Bort et al., 2004). Thus, the
proliferative rate per se is not the primary determinant of tissue
budding. We conclude that Hex is required for the transition to a
budding epithelium, yet the cellular basis for this transition has
been unknown.
Cortical neurons and neural crest cells emerge from the neural
progenitor epithelium and neural tube, respectively, and,
although they do not form buds, their emergence exhibits
parallels with gut organogenesis. In both neural and gut organ
development, progenitor cells delaminate basally, away from a
luminal (apical) boundary, such as from the ventricular surface
of the dorsal telencephalon, for cortical neurons (Sauer, 1936);
from the neural tube lumen, for neural crest cells (Burstyn-
Cohen and Kalcheim, 2002); and from the gut tube, for gut
organs. Although cellular emergence from neural epithelia
occurs later in embryonic development than that for the gut
organs, it appears to be required for neuronal cell differentiation
(Estivill-Torrus et al., 2002), and, as noted above, the phenotype
of Hex-null embryos shows that continued hepatic differentia-
tion is linked to liver bud emergence.
Prior to neuronal cell emergence, the neural progenitor
epithelium becomes pseudostratified, with specific nuclear
migrations within mitotic cells (Burstyn-Cohen and Kalcheim,
2002). Such nuclear movements during mitosis facilitate the
ability of the neural progenitor cells to emerge from theepithelium, migrate, and differentiate as needed. In this paper,
we investigate the mechanism of gut tissue budding from the
endodermal epithelium and find a remarkable concordance with
neurogenic cell emergence. These findings and others provide
insight into the mechanisms for initiating gut organ morpho-
genesis, how it may apply to diverse tissue bud types, and how
homeobox gene activity within epithelial domains modulates
embryonic form.
Materials and methods
Mouse genotype analysis and generation of chimeras
Hex heterozygous (Hex+/LacZ) and null (HexLacZ/LacZ) mouse embryos
(Martinez-Barbera et al., 2000) were dissected and genotyped as described
(Bort et al., 2004). In this mouse line, the LacZ gene is in frame with the
endogenous Hex locus, creating a null allele (Martinez-Barbera et al., 2000);
LacZ is expressed in endodermal and endothelial cells (Rodriguez et al., 2001).
To generate chimeric embryos, C57Bl6J male mice were mated to C57Bl6J
females, and blastocysts were collected at 3.5 dpc and injected with 5–10
HexLacZ/LacZ or Hex+/LacZ ES cells. The degree of chimerism was evaluated by
the similarity of the X-gal staining to nonchimeric Hex+/LacZ embryos, i.e., the
presence of LacZ-expressing endodermal cells in the foregut, liver bud, and
endothelial precursors. Alternatively, blastocysts ubiquitously expressing eGFP
B5-eGFP (Hadjantonakis et al., 1998) were injected with ES cells, and the degree
of chimerism was evaluated by the expression of GFP in immunostaining.
Hex-LacZ expression, immunohistochemistry, and in situ
hybridization
Embryos were fixed in 4% paraformaldehyde in PBS at 4-C for 30min to 1 h,
washed with PBS on ice twice for 10 min, then stained in X-gal solution in PBS:
0.2% X-gal, 2 mM MgCl2, 5 mM potassium ferricyanide, 5 mM potassium
ferrocyanide, 0.02% Igepal-40, and 0.01% sodium cacodylate, overnight at
37-C. Embryos were then rinsed twice with PBS for 10 min, post-fixed in 4%
paraformaldehyde in PBS, and photographed digitally. Embryos selected for
immunostaining were dehydrated through a PBT (PBS + 0.1% Tween 20)–
methanol series and stored in methanol at 20-C until use. Embryos were
embedded in paraffin and sectioned at 4–7 Am. Slides selected for immunohis-
tochemistrywere unmasked by boiling in sodium citrate buffer 10mMpH 6.0 for
10 min. Primary antibodies to the following antigens (made in rabbit unless
otherwise indicated) were used at the indicated dilutions: FoxA2 (Santa Cruz;
made in goat) 1:150, laminin (Sigma) 1:400, h-catenin (Cell Signalling) 1:100,
and GFP (Abcam) 1:500. Alexa 488, 546, and 594 (Molecular Probes) were used
as secondary antibodies at 1:500 dilution. Sections were then counterstained with
DAPI to visualize the nuclei and mounted with ProLong Gold (Molecular
Probes). Double immunostaining was done similarly using compatible primary
and secondary antibodies. X-gal staining was photographed in dark field.
Deconvolution imaging was from stacks of 14 images per section collected
through the z axis and deconvoluted using the AutoDeBlur 9.5 software.
Whole-mount in situ hybridization on embryos has been described
previously (Wilkinson, 1992). The Shh probe was obtained from A.P.
McMahon (Echelard et al., 1993). After whole-mount in situ hybridization,
embryos were post-fixed in 4% PFA, dehydrated in ethanol, cleared in xylenes,
embedded in paraffin wax, and sectioned at 6 Am.
Cell proliferation and apoptosis
BrdU incorporation was detected using the BrdU labeling and detection kit II
(Roche), E8.75 pregnant females were injected with 500 Al of 10 mM BrdU.
E8.75 embryos were harvested 20 min after the BrdU injection, fixed, and
processed for BrdU immunostaining. Other embryos from the same litter were
harvested 20 min after injection, washed in media, and cultured for 16 h in BrdU-
free medium as described (Tremblay and Zaret, 2005). After culture, embryos
were dissected from the yolk sac, fixed, and processed. Immunostaining of
phosphohistone H3 (Cell Signaling) was performed as described above at a 1:100
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staining pattern (Goto et al., 2002). Quantification of BrdU and phospho-H3 was
done by counting positive nuclei with FITC and Rhod fluorescence filters and
total nuclei with DAPI filter. Apoptotic cells were detected using cleaved caspase
3 antibody, 1/100 dilution (Cell Signaling). P values were determined by the
homoscedastic two tailed t test.
Results
The liver bud develops from a pseudostratified epithelium,
analogous to the neural epithelium
We have discerned three stages during the morphological
development of the endodermal epithelium into a liver bud. In
stage I (7–11S; E8.5), which is coincident with the initial
expression of liver-specific genes, most of the hepatic endoderm
cells near the sinus venosus elongate away from the apical
region, at the gut lumen, and become columnar, causing the
epithelium to thicken (Fig. 1A; arrows, hepatic endoderm; s.v.,
sinus venosus; arrowhead, lateral gut endoderm). The ventral gutFig. 1. Liver bud cells develop from a pseudostratified epithelium. (A–H) Tran
immunostained for the tight-junction-associated protein ZO1 (A, C) or the basal me
emergence, endodermal cells extend into the stroma and change from cuboidal (whit
indicates disruptions of the laminin basal membrane. (E–G) Liver bud cells (blue fro
(yellow) which marks endoderm cell nuclei. Panels D and G depict hepatic cell emer
that the liver bud is a pseudostratified epithelium. The boxed region in panel H is m
membrane in panel I. Asterisks denote cells not extending to the apical boundary.closes during this period (Fig. 1E, arrow). In stage II (12–21S;
E9.0–E9.5), the laminin-rich basal layer remains intact (Fig. 1B,
arrowhead), and nuclei are present at different apical–basal
positions of the epithelium, thus possibly being either stratified
or pseudostratified, at this level of analysis (Figs. 1B, C; arrows).
In stage III (22–27S; E9.5+), basal laminin degrades (Sosa-
Pineda et al., 2000) and hepatic endoderm cells begin to
delaminate into the stroma, forming the liver bud (Fig. 1D,
arrows). These transitions are specific for the hepatic endoderm
and not for non-hepatic endoderm at this anterior–posterior
location of the gut because they occur solely in cells that are
positive for h-galactosidase in sections ofHex+/LacZ embryos, in
which h-gal expression is liver-specific (Martinez-Barbera et al.,
2000; Bort et al., 2004), as well as positive for Foxa2, amarker of
definitive endoderm (Figs. 1E–G, arrows).
Deconvolution imaging of multiple sections stained with an
anti-h-catenin antibody, to resolve cell edges (Figs. 1H, I),
indicates that the thickened liver bud epithelium at 21S (E9.0) is
primarily a single pseudostratified cell layer. Most cells extendsverse sections through the developing liver bud in E8.5 to E9.5 embryos
mbrane protein laminin (B, D) and counterstained with DAPI. During liver bud
e arrowhead in A) to columnar (arrows). S.V., sinus venosus. Arrows in panel D
m expression of HexLacZ) co-stained for DAPI (false colored green) and FoxA2
gence. (H–J) Deconvolution imaging of membrane-associated h-catenin shows
agnified in I. J is a schematic view of I. Red line in J indicates position of basal
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cells labeled with an asterisk in Figs. 1I, J). While this technique
is insufficient to quantitatively assess the extent to which liver
bud cells at stage II are in a pseudostratified epithelium, further
analysis revealed other relevant characteristics.
Pseudostratified epithelial cells of the dorsal neural tube,
like those of the cortical neural epithelium, undergo ‘‘inter-
kinetic nuclear migration’’ (INM) (Sauer, 1936; reviewed in
Go¨tz and Huttner, 2005). During INM, nuclei undergo S phase
in the basal region of the neural epithelium and then migrate to
the apical region, near the lumen, during mitosis. Nuclei from
late G2 to the end of mitosis can be detected with an antibody
against serine 10-phosphorylated histone H3 (pH3) (Bradbury,
1992). We saw pH3-positive nuclei solely in the apical position
of the neural tube epithelium in embryos at 21–25S (Figs. 2A,
B; white arrows), as predicted (Burstyn-Cohen and Kalcheim,
2002). In the hepatic endoderm at stage II (21S), we observed
that mitotic nuclei (pH3+) were also highly concentrated in the
apical/lumenal domain of the epithelium (Fig. 2C; arrow, green
staining). Among 141 pH3-positive nuclei from a total of 5
embryos, 50 sections, and 3238 nuclei counted in E9.0–9.5
liver buds, 93 T 5% were located apically, 7 T 5% were in the
middle domain (also seen in Fig. 2C), and no mitotic nuclei
were in the basal domain (Fig. 2G, red bars). The marked lack
of basal mitotic nuclei is underscored by considering that the
basal domain of the hepatic endoderm contains about 69% of
the total nuclei at these stages, while the middle and apical
domains contain only 19% and 12%, respectively (Fig. 2G,
blue bars). Phospho-H3-positive nuclei in the apical domain
were mostly in metaphase to telophase (Fig. 2H, boxed regions
b, c), while the few nuclei in the middle domain were usually
punctate for pH3 (Fig. 2H, boxed region a), typical of late G2
(Goto et al., 2002).
An initial analysis of the lung and dorsal pancreas bud
domains of the endoderm, which emerge at a slightly later
stage (E9.5–10.0), also revealed a distinctly apical distribution
of mitotic nuclei (Figs. 2E, F). In summary, we found striking
similarities in the mitotic nuclear positions of the embryonic
neuroepithelium and the initial budding epithelium for different
endodermal tissues.
The apical mitotic nuclear distribution within the liver bud
persists until 23–27S (stage III), when the hepatoblasts migrate
into the stroma (Figs. 2D, I). Once the hepatoblasts have
migrated, they can be mitotic within the stroma (Fig. 2I,
arrowheads pointing to pH3+, FoxA2+ yellow nuclei; green
nuclei are mitotic FoxA2-stromal cells). This is analogous to
neural progenitor cells that possess replicative capacity, once
they have migrated out of the neuroepithelium (Burstyn-Cohen
and Kalcheim, 2002).
To determine the location of S-phase nuclei in the stage II
hepatic epithelium, we performed a 20 min BrdU pulse in four
embryos at E8.75. In this brief time period, only cells in S-
phase incorporate significant amounts of BrdU (Waid and
McLoon, 1995). Embryos were double immunostained for
BrdU (S-phase) and pH3 (mitosis). The BrdU-positive nuclei
were located exclusively in the basal domain of the developing
liver bud cells (Fig. 2J, pink staining, arrowheads; n = 4embryos; 13 sections, a total of 428 nuclei). This position is
similar to nuclei in S phase in the neural epithelium undergoing
INM (Burstyn-Cohen and Kalcheim, 2002). Mitotic nuclei
(pH3+) in the hepatic endoderm were always apical (Fig. 2J,
white arrows, green nuclei), in agreement with the previous
analysis.
To conclusively assess whether basal, BrdU-positive nuclei
move apically during phase II of liver bud development, we
set up parallel experiments with four more embryos at E8.75
labeled with a 20 min BrdU pulse but then removed the
embryos from the mothers, washed them, and cultured them
whole in their yolk sacs (Tremblay and Zaret, 2005) in BrdU-
free medium for 16 h. This corresponded to the end of stage
II and the beginning of stage III of liver bud development.
Section and immunostaining analysis of these ‘‘chase’’
embryos revealed that morphogenesis was normal during
the culture period and the extent of BrdU incorporation in the
liver buds was similar to the pulse group (36 T 6% vs. 42 T
5%, respectively), showing that the label did not damage the
cells (Fig. 2K and data not shown). Notably, double
immunostaining for BrdU and phospho-H3 revealed multiple
nuclei within liver bud sections appearing yellow, i.e.,
positive for both markers, in the apical domain of the liver
bud epithelium (Fig. 2K, see arrows showing 4 yellow, apical
nuclei). Some nuclei within the liver buds at the chase time
point were pH3-positive and BrdU-negative (i.e., green) due
to not having been in S phase during the original pulse. We
conclude that the apical, mitotic (double-positive) nuclei in
the chase embryos moved there from the basal position
observed during the pulse (Fig. 2J, pink nuclei) and therefore
that cells in the stage II liver bud undergo interkinetic nuclear
migration (INM) during their division.
Lack of INM in the hepatic endoderm of Hex mutant embryos
An analysis of HexLacZ/LacZ (Hex-null) embryos indicated a
defect in the transition to a pseudostratified epithelium. At the
beginning of stage II of liver bud development (13S), the
hepatic endoderm in Hex-null embryos contains a normal basal
laminin layer and a normal columnar thickened epithelium
(Figs. 3A, B, black arrows), indicating that the apical–basal
polarity of the hepatic epithelium is initiated properly in the
absence of Hex. By the beginning of stage III (22S), the wild-
type hepatic endoderm has become a diverticulum of the gut
(Fig. 3C, black arrow), begun to break down laminin, and
emerge into the stroma (Fig. 3C, white arrowhead), whereas
the Hex-null endoderm fails to form a diverticulum, break
down laminin, or emerge (Fig. 3D). Prox1 mutant embryos
also exhibit a failure in laminin breakdown in liver bud
development (Sosa-Pineda et al., 2000), but, in such embryos,
the hepatic endoderm cells accumulate in a thick mass around
the gut lumen and continue to express early liver genes, by
E10.0. By contrast, in Hex-null embryos, the hepatic endoderm
remains in a single-cell-thick stage I epithelium (Figs. 3A, G),
and, by E10.0, liver gene expression is no longer detectable in
the midgut region (Keng et al., 2000; Martinez-Barbera et al.,
2000).
Fig. 2. Mitotic cells are located apically in endoderm organ buds. Transverse sections immunostained for phosphohistone H3 (pH3) through the dorsal neural tube (A
and B), liver bud (C and D), lung bud (E), and dorsal pancreatic bud (F). Mitotic pH3+ nuclei (arrows in panels A through F) are found in the apical side (lumen) of
neural and budding endodermal epithelia. Arrowhead in panel D points to a pH3+ mitotic cell out of the apical domain after basal membrane disruption. (C, E, F)
Dotted white line indicates basal domain; basal domain indicated by red laminin staining in panel D. (G) Percentage of mitotic nuclei (red bars) and total nuclei (blue
bars) in the apical, medial, and basal zones of the liver bud. A total of 3238 nuclei from 50 sections obtained from 5 embryos at 21–24S were evaluated. (H)
Deconvolution imaging of the liver bud showing the distribution of mitotic figures. Nuclei in late G2 are located in the middle zone (box a). Nuclei in prophase to
anaphase are found close to the lumen (box b), along with nuclei in telophase (box c). (I) Liver bud transverse section from a 27S embryo showing mitotic
hepatoblasts (FoxA2+, pH3+; yellow) within the liver bud, intermingling with stromal cells, some of which are mitotic (pH3+, FoxA2-green nuclei). (J) Embryos
were exposed in vivo to a pulse of BrdU for 20 min and harvested. They were fixed, sectioned, and double immunostained for BrdU incorporation and pH3. Nuclei
in S-phase (pink, arrowheads) are located basally and mitotic nuclei (green, small arrows) are apical. All sections are counterstained with DAPI. Original
magnification: 200. (K) ‘‘Chase’’ littermates of the BrdU-pulsed embryos in panel J were isolated with their decidua, washed, and cultured whole in BrdU-free
medium for 16 h and then subjected to the analysis in panel J. The arrows denote yellow, BrdU–pH3 double positive nuclei that migrated from the basal position
during the pulse (J) to the apical position during the chase, confirming interkinetic nuclear migration of the hepatoblasts in the stage II liver bud.
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tified epithelium emerged from a study of nuclear position in
the hepatic endoderm of HexLacZ/LacZ embryos in stage II of
liver bud development (13–21S); i.e., in cells with a h-gal-positive cytoplasm in appropriate transverse sections (adjacent
to dotted lines in Figs. 3E–H). As previously reported, we
found a reduction in the proliferative rate of HexLacZ/LacZ
endodermal cells (Bort et al., 2004). More strikingly, the
Fig. 3. Absence of INM in the Hex-null liver bud. (A to D) Laminin immunostaining of transverse mouse embryo sections at the level of the liver bud. At 13S, the
hepatic region of Hex-null embryos is only slightly smaller than wild-type (A and B); black arrows depicting laminin around developing liver bud. By 22S, wild-type
liver bud cells have begun to delaminate (C, white arrow), whereas Hex-null cells have failed to do so (D). Mitotic (pH3+) nuclei are located apically in wild-type
embryos at 13–19S (E and F, arrows) but remain close to the basal domain in Hex-null embryos (G and H). (I to P) Mitotic pH3+ nuclei in Hex-null embryos are
distributed similar to the non-budding, non-liver, lateral endoderm of wild-type and Hex-null embryos. (I–L) Transverse sections through the embryonic lateral gut
endoderm showing mitotic nuclei either within the basal epithelium (arrowhead) or shifted slightly apically (arrows), similar to Hex-null thickened hepatic
epithelium (O, P). By contrast, mitotic nuclei in the Hex+/LacZ liver bud are all near the lumen (M, N).
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never acquired a pseudostratified epithelium; instead, they
presented features of the lateral gut endoderm. Specifically, in
contrast to the wild-type stage II hepatic epithelium, where no
mitotic nuclei were detected basally (Figs. 3E, F, M, N), 44%
of the phospho-H3 positive nuclei in the hepatic epithelium of
HexLacZ/LacZ embryos were in the basal domain (Figs. 3G, O,
arrowheads; 7 out of 16 total pH3+ nuclei observed in 6
embryos at stage II, 1362 total nuclei counted); the rest were
apical (Fig. 3P, arrow). This distribution is similar to the
mitotic nuclear positions in the non-budding lateral gutendoderm that does not normally express Hex, in which 35%
of the mitotic nuclei were basal (Figs. 3I, J, L; arrowheads) and
65% were apical (Figs. 3I, K; arrows). Even the apical hepatic
mitotic nuclei in the HexLacZ/LacZ embryos were apposed to
other nuclei in the epithelium and did not migrate distinctly
toward the lumen, as is the case with wild-type hepatic mitotic
nuclei (Fig. 3, compare mitotic nuclear positions denoted by
arrows in wild-type (Figs. 3M, N) with the apical mitotic
nuclear positions of Hex-null nuclei (Fig. 3P). We conclude
that, in the absence of Hex, the hepatic endodermal cells are
able to proliferate, at a lower rate than normal (Bort et al.,
R. Bort et al. / Developmental Biology 290 (2006) 44–56502004), but they fail to transition to a pseudostratified
epithelium that undergoes INM.
Cell-autonomous requirement for Hex in generating a liver
bud
Recently, Hex was shown to be required for cardiovascular
development (Hallaq et al., 2004). Although this requirement
appears to be later than that for the initiation of ventral gut
organogenesis, endothelial cells promote hepatogenesis (Mat-
sumoto et al., 2001) and therefore it was important to assess
whether Hex is required cell-autonomously for hepatic
endoderm morphogenesis. To address this issue, we generated
HexLacZ/LacZ Hex+/+ chimeras. Two different HexLacZ/LacZ
ES cell clones and one Hex+/LacZ ES cell clone, which is
phenotypically wild type (Martinez-Barbera et al., 2000),
were injected separately into wild-type (Hex+/+) blastocysts.
HexLacZ/LacZ and Hex+/LacZ cells in the resulting embryos were
identified by h-gal staining, which marks endodermal and
endothelial cells (Rodriguez et al., 2001).
We recovered 97 HexLacZ/LacZ Hex+/+ chimeric
embryos and 106 Hex+/LacZ Hex+/+ chimeric embryos
between 10 and 35S (E8.5–10.5). Only chimeras showing
visible h-gal-positive cells in whole-mount staining were
analyzed further. Between the late E8.5 and E9.5 stages, the
proportion of Hex+/LacZ Hex+/+ chimeras with h-gal-
positive cells in the developing liver bud region fell modestly,
from 61% to 47%, whereas those in HexLacZ/LacZ Hex+/+
chimeras fell markedly, from 72% to 13% (Table 1). All
HexLacZ/LacZ Hex+/+ chimeric embryos at E10.5 contained
liver buds, but none of the 38 embryos contained h-gal-
positive cells there (Table 1). The similar behavior of mutant
cells in HexLacZ/LacZ Hex+/+ chimeras obtained from two
independent HexLacZ/LacZ ES clones, compared to a control
Hex+/LacZ ES clone, diminishes the possibility that a non-Hex-
related perturbation of the ES cells caused them to be lost
from the liver bud.
To further test the specificity of exclusion of the HexLacZ/LacZ
cells from the liver bud, we obtained highly chimeric, late-E9.5
HexLacZ/LacZ GFP embryos (i.e., Hex+/+ embryos ubiqui-
tously expressing GFP protein) from injections with two
different HexLacZ/LacZ ES clones. HexLacZ/LacZ cells contributed
extensively to posterior and dorsal structures of the embryo,
stably excluding most of the wild-type cells (Fig. 4A, dark
areas of embryo; Fig. 4B, blue areas of embryo). Wild-type GFPTable 1
Percentage of chimeric embryos containing h-galactosidase-positive, (Hex+/LacZ an
a When all the h-galactosidase-positive embryos contained h-galactosidase-positi
b Chimeric embryos containing h-galactosidase-positive cells of endothelial and/positive cells in these chimeras are in the liver bud (Figs. 4B, C;
dotted line around pink cells), demonstrating a cell-autonomous
requirement for Hex. Wild-type cells also populated the
endothelium (Fig. 4B, arrowhead; Fig. 4D) and developing
heart, as may be expected from straight Hex/ phenotypes
(Guo et al., 2003; Hallaq et al., 2004). These chimeric embryos
contained a fully LacZ+ cystic primordium, showing that Hex is
not cell-autonomously required for its early morphogenesis
(Figs. 4E, F). The high contribution of wild-type (GFP+) cells in
the stroma surrounding the chimeric liver bud region (Figs. 4B,
C), where HexLacZ/LacZ cells become excluded, provides further
evidence for a cell-autonomous requirement for Hex in the
hepatic endoderm.
Compensatory homeostatic control of liver bud growth at the
onset of organogenesis
HexLacZ/LacZ Hex+/+ chimeric embryos harvested at E8.5
exhibited substantial h-gal-positive cells in the columnar
hepatic endodermal epithelium, demonstrating that the Hex-
null cells readily assume a stage I (11S) hepatic endoderm and
behave as wild-type cells at this stage (Figs. 5A–C; arrowhead
pointing to blue cells). Serial sections of the chimeras at the 16–
24S stages revealed that groups of FoxA2-positive HexLacZ/LacZ
ES cells were being shed from the developing liver bud into the
gut lumen (Figs. 5E–G; arrowheads; H, I, cells surrounded by
yellow dotted line), causing the remaining hepatic epithelium to
kink and be uneven during this period. Shed h-gal-positive cell
clusters within the gut lumen expressed a cleaved caspase 3
(Figs. 5J, K), indicating apoptosis and apparently explaining the
loss of the cells over time. However, apoptotic cells were not
observed within the epithelium or in the process of being shed.
In summary, HexLacZ/LacZ ES cells can contribute to the stage I
hepatic endoderm, but, during the subsequent period of
generating a pseudostratified epithelium, the Hex-null cells
are extruded and displaced by wild-type cells. The extrusion
phenotype is remarkably similar to the fate of mutant clones of
Drosophila wing disc epithelial cells that are deficient in their
ability to transition to a pseudostratified epithelium (Gibson and
Perrimon, 2005).
In the liver bud of Hex+/LacZ Hex+/+ chimeras, we
observed similar mitotic indices (pH3+) for h-gal-positive and
h-gal-negative cells (3.9 T 0.8% vs. 4.1 T 0.6%, respectively; n =
5 embryos; data not shown), showing that the injected Hex+/
ES cells proliferate normally. In the hepatic endoderm ofd HexLacZ/LacZ) ES derived cells at three developmental stages
ve liver buds, a single percentage is given.
or cystic primordium phenotype, but not in the liver bud.
Fig. 4. Hex-null cells do not colonize the liver bud in highly chimeric HexLacZ/LacZ Hex+/+ embryos. (A) A highly chimeric HexLacZ/LacZ GFP (Hex+/+)
embryo recovered at 21S. Wild-type cells (GFP-positive, h-gal-negative) colonized part of the heart and ventral gut tissues. (B) Low-magnified transverse section
through the liver domain (dotted line in A) showing the general contribution of Hex-null cells (GFP-negative, h-gal-positive) in the chimeras. This chimera shows
high contribution of Hex-null cells dorso-anteriorly and posteriorly (blue cells, GFP-negative). Wild-type cells contribute highly to the liver bud and surrounding
stroma (C) as well as the endothelium lineage (D), while the cystic primordium is solely composed of Hex-null cells (E to F).
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the h-gal-positive cells had a mitotic index (0.7 T 0.6%) that was
significantly lower than the h-gal-negative cells (6.1 T 1.6%;
Table 2, rows 1 and 2) showing that the previously described
proliferation defect in Hex-null hepatic endoderm cells (Bort et
al., 2004) is cell intrinsic. Still, the presence of some mitotic
HexLacZ/LacZ nuclei in HexLacZ/LacZ Hex+/+ chimeras (data
not shown) confirmed that Hex is not absolutely required for
these cells to enter mitosis. Thus,Hex is intrinsically required for
progression of the hepatic endoderm to a pseudostratified
epithelium.
Considering that, as noted above, theHexLacZ/LacZ Hex+/+
chimeric embryos contained liver buds by E10.5, yet the
HexLacZ/LacZ ES-derived cells were extruded, it provided an
opportunity to ask how the remaining wild-type cells
compensated for liver bud growth. Notably, the proliferation
rate of wild-type h-gal-negative cells in the HexLacZ/LacZ
Hex+/+ chimeric liver buds (6.1 T 1.6% pH3+) was 41% greater
than the proliferative rate of wild-type cells in the liver buds of
normal Hex+/LacZ nonchimeric embryos (4.3 T 1.2% pH3+, P <
0.001; Table 2, row 3). This indicates that, even at this early
stage of organogenesis, the wild-type liver bud cells possess a
regulatory mechanism that allows them to increase their
proliferative rate, in compensation for the loss of Hex-null
cells in their midst.Hepatic progenitors acquire a gut-like phenotype in the
absence of Hex
In contrast to the situation in HexLacZ/LacZ Hex+/+
chimeras, in straight HexLacZ/LacZ embryos, the hepatic
endoderm cells were not eliminated (Bort et al., 2004) and
remained as a small patch (h-gal-positive cells) in the gut
endoderm. These patches were originally considered to be
degenerated hepatic bud progenitors, but their phenotype was
not elucidated (Martinez-Barbera et al., 2000). Wild-type
E10.5 embryos normally possess well-defined ventral gut
organ rudiments (Fig. 6A, blue region in schematic view),
including a hepatic diverticulum, cystic primordium, and
ventral pancreas. Hex+/LacZ embryos, which are phenotypi-
cally normal, do not express Hex or the inserted transgene in
the gut at E10.5 (Martinez-Barbera et al., 2000). By contrast,
serial section analysis revealed that HexLacZ/LacZ embryos do
express h-gal from the Hex locus in a cluster of cells in the
ventral portion of the gut, in the same region where there
would normally be a hepatic diverticulum and associated
organs (Fig. 6B, blue region in schematic; 6I; arrow and
circled region denoting blue cells). The h-gal-positive cells
in the Hex-null embryos at E10.5 appear to be like duodenal
cells (Figs. 6I–L, ‘‘d’’), in that they are a simple columnar
epithelium lining the gut tube (Fig. 6J) and they express
Fig. 5. Lumenal extrusion of Hex-null cells from chimeric liver bud during the transition to a pseudostratified epithelium. (A) Whole-mount X-gal staining of a
HexLacZ/LacZ Hex+/+ chimeric embryo recovered at 11S. (B to C) Transverse section through the h-gal-positive domain of the embryo in panel A, showing a high
penetrance of mutant cells (blue) to the hepatic endoderm at this stage (arrowhead in B). (D) A HexLacZ/LacZ Hex+/+ chimeric embryo recovered at 21S showing
h-gal expression in the hepatic endoderm (right arrowhead) and endothelial precursors in the vitelline veins (left arrowhead). (E to G) Serial transverse sections from
the same embryo immunostained for endoderm-specific FoxA2, showing a group of h-gal-positive cells being extruded into the gut lumen and kinking of the hepatic
epithelium. (H to I) Transverse liver bud section of a 24S HexLacZ/LacZ Hex+/+ chimera, showing Hex-null cells at various stages of being extruded; arrow shows
cells in a kinked portion of the epithelium. Same section immunostained with FoxA2 and pH3 indicates that wild-type cells (LacZ-negative) exhibit mitotic nuclei
near the apical domain. (J) X-gal-stained transverse liver bud section from a 24S HexLacZ/LacZ Hex+/+ chimera, showing extruded HexLacZ/LacZ cells (arrow). (K)
Same section was immunostained to detect cleaved caspase 3, showing that cells became apoptotic after extrusion into the lumen.
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in circled region of magnifications), like normal duodenal
cells at that level of the gut (Figs. 6D, E, K, L, lateral
region ‘‘d’’) and unlike the cystic primordium, which isTable 2
Compensatory proliferation (phospho-H3+) of wild-type (h-gal) cells within the
* Compared to wild-type (h-gal) cells (row 2) within the liver bud of HexLacZ/
** Compared to normal, Hex+/LacZ liver bud cells (row 3). The wild-type (h-gal)
statistically significant ( P < 0.001) increase in pH3+ nuclei compared to normal linegative for both markers (Figs. 6C–E; region ‘‘cp’’), or the
ventral pancreas, which is negative for GATA-4 while
positive for Pdx-1 (Figs. 6D, E; region ‘‘vp’’). We conclude
that Hex is required for all ventral gut organ outgrowth fromliver bud of HexLacZ/LacZ Hex+/+ chimeric embryos
LacZ Hex+/+ chimeric embryos.
cells within the liver bud of HexLacZ/LacZ Hex+/+ chimeric embryos have a
ver bud cells in wild-type and Hex+/LacZ nonchimeric embryos.
Fig. 6. Loss of ventral organ morphogenesis and differentiation in the absence of Hex. (A to B) Schematic view of wild-type and Hex-null embryonic gut at E10.5.
The blue-colored area in panels A and B corresponds to the location of h-gal-positive cells in Hex+/LacZ and HexLacZ/LacZ embryos, respectively. (C to H) Transverse
sections through a wild-type E10.5 embryo as denoted by black lines in panel A. Double immunofluorescence for GATA-4 and Pdx-1 is shown. (I to L) Transverse
sections through a HexLacZ/LacZ E10.5 embryo as denoted by lines in panel B. Double immunofluorescence for GATA-4, Pdx-1 and h-gal staining is shown. Panels
below panels I–L are magnifications of the regions denoted by the arrows. Dotted lines indicate the domain containing h-galactosidase-positive cells around the
ventral gut in HexLacZ/LacZ embryos. h-galactosidase-positive cells in HexLacZ/LacZ gut are GATA-4-positive and Pdx1-positive (K, L), like the duodenum (d,
arrowheads) and unlike the liver, cystic primordium (cp), and the ventral pancreas (vp), which develop ventrally in normal embryos (C–H).
R. Bort et al. / Developmental Biology 290 (2006) 44–56 53the endoderm and that its absence leads to the abnormal
appearance of Hex-locus expressing cells with a duodenal
gut phenotype.
Persistent expression of Shh in the thickened hepatic endoderm
of Hex mutant embryos
Suppression of Shh expression is required for the proper
development of the pancreas (Hebrok et al., 2000) and
parathyroid (Moore-Scott and Manley, 2005) from the gut
endoderm, whereas Shh expression is maintained in domains
where the endoderm differentiates into the gastrointestinal
tract (Ramalho-Santos et al., 2000). We observed that, at
10–11S, Shh is normally expressed in lateral gut endoderm,
which does not bud (Figs. 7A, C), and Shh is normally not
expressed in the hepatic endoderm, which is near the sinus
venosus when the cells begin to transition to stage II of
liver bud development (Figs. 7A, C; area within red dashed
line). By contrast, in HexLacZ/LacZ embryos, the endoderm
proximal to the sinus venosus expresses Shh at thebeginning of stage II (11–12S) (Figs. 7B, D). This altered
expression is specific to the ventral endoderm, where Hex is
expressed, since Shh remained silent in the dorsal endoderm
of Hex mutant embryos (Figs. 7A–D). Notably, at the 16S
stage, when the wild-type liver bud undergoes INM and
early morphogenesis, but the Hex-null endoderm does not,
we observed ectopic expression of Shh in the Hex mutant
hepatic endoderm (Figs. 7E, F). We conclude that Hex-null
embryos exhibit ectopic Shh expression in the domain
where the hepatic endoderm fails to transition to a
pseudostratified epithelium, undergo INM, and maintain
hepatic differentiation.
Discussion
Little is known about the cellular morphogenetic events in
the formation of tissue buds for endoderm-derived organs
such as liver, lung, or pancreas. In this context, the main
discovery of our work is that the budding of these tissues
initiates when endodermal domains transition to a pseudos-
Fig. 7. Ectopic Shh expression in Hex-null embryos. (A to B) Whole-mount in situ hybridization of Shh sectioned through the liver region shows an absence of
Shh mRNA in the wild-type stage II (12S) liver bud, while Shh expression is expanded ventro-laterally in the Hex-null. (C to D) Shh remains absent in a
transverse section at the anterior intestinal portal (AIP), caudal to the liver region in the wild-type; whereas in the Hex-null, Shh expression is ectopic in the
ventral endoderm spanning the sinus venosus region. (E to F) The entire hepatic endoderm expresses Shh mRNA in late stage II (16S) Hex-null liver bud but
remains silent in the wild type.
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liver bud, is dependent on the homeobox gene Hex.
To standardize the terminology, we divided early liver bud
morphogenesis into 3 stages: stage I, the formation of a
thickened, columnar hepatic endodermal epithelium; stage II,
the formation of a pseudostratified epithelium; and stage III,
laminin breakdown and hepatoblast emigration from the
epithelium. We discovered that, during stage II, the hepatic
endoderm engages in interkinetic nuclear migration (INM),
whereby nuclei in the endodermal epithelium undergo S phase
in a basal position and then migrate apically to enter mitosis.
As described in Introduction, INM had been well documented
for neural epithelial development, but not for endoderm
organogenesis. In C. elegans mutants for pha-2, an ortholog
of Hex, anterior gut cell nuclei fail to move and there is a tissue
morphology defect in pharyngeal elongation (Morck et al.,
2004). Thus, in C. elegans and in the mouse, Hex control of
nuclear migrations, directly or indirectly, leads to tissue
morphogenetic defects. In Hex-null mouse embryos, thyroid
development, which involves emergent cell budding like the
liver, is also blocked at the point where thyroid progenitorsemerge from the pharyngeal epithelium (Martinez-Barbera et
al., 2000). Direct or indirect control of INM may represent a
means by which homeobox factors in other contexts may
determine morphogenetic events (e.g., Weatherbee et al.,
1998).
During INM in cortical neural development, mitotic
cleavage planes are primarily orthogonal to the luminal
epithelium (Kosodo et al., 2004), and this orientation has
been linked to the proliferative state of neurogenic progenitors
(Chenn and McConnell, 1995; Kornack and Rakic, 1995;
Doe, 1996; Lu et al., 2000). Of the 3238 wild-type nuclei
observed in this study, among the 141 mitotic nuclei, 9 were
in telophase. The rarity of telophase nuclei precluded a
quantitative analysis, but 7 appeared to have parallel cleavage
planes and two were intermediate or orthogonal (data not
shown). We feel that much further analysis will be needed
before being able to draw conclusions regarding the mitotic
cleavage plane and its functional implications for gut tissue
bud morphogenesis.
Using chimeric embryos, we found that Hex is cell-
autonomously required for the formation of a pseudostratified
R. Bort et al. / Developmental Biology 290 (2006) 44–56 55liver bud epithelium, i.e., transition from stage I to stage II. An
unexpected finding of the chimeric embryos is that Hex is not
cell-autonomously required for the formation of the cystic
primordium; by contrast, the organ is missing in straight Hex/
mutants, possibly as an indirect consequence of the general
growth defect of the ventral endoderm (Bort et al., 2004).
Another paradox was the survival of Hex-null cells in the
hepatic endoderm of straight mutant embryos and not in the
chimeras. We speculate that, in the chimeras, the elimination
of the Hex-null cells is due to their inability to assume a
pseudostratified epithelium, similar to what has been observed
in mutant cell clones in Drosophila epithelia (Gibson and
Perrimon, 2005). Amidst wild-type cells that can properly
enter stage II of liver bud development and initiate INM, the
Hex-null cells remain close to the gut lumen and eventually
are squeezed out.
We suggest that two parameters may cause the Hex-null
hepatic endoderm to fail to differentiate properly, after its
initial specification. First, although GATA-4 is present in
undifferentiated gut endoderm that is competent to activate
liver genes (Bossard and Zaret, 1998), GATA-4 expression is
normally down-regulated in the hepatic endoderm (Zhao et
al., 2005) while persisting in the local duodenal region of the
gut (Fig. 6E). In Hex-null embryos, GATA-4 expression
persists in the HexLacZ-gene expressing domain, thereby
possibly suppressing the maintenance of the hepatic program,
despite that GATA factors help initiate hepatogenesis
(Bossard and Zaret, 1998; Zhao et al., 2005). In addition,
we showed that Shh is ectopically expressed in the nascent
hepatic endoderm in Hex-null embryos (Fig. 7). Ectopic
activation of hedgehog signaling in the Ptc/ embryo leads
to absence of dorsal pancreas budding in the gut endoderm
(Hebrok et al., 2000; Apelqvist et al., 1997), and ectopic
expression of a Shh transgene in the pancreatic endoderm
induces the surrounding mesenchyme to assume an intestinal
rather than pancreatic fate. In addition, ectopic Shh promotes
the conversion of a pseudostratified neuroepithelium into a
simple neuroepithelium (Goodrich et al., 1997). Thus, ectopic
Shh expression in Hex-null hepatic endoderm may help
prevent the conversion to a pseudostratified epithelium,
which we have shown appears necessary for liver cell
emergence and bud formation. Shh repression by Hex might
be a general mechanism required for the formation of the
different gut buds that emerge from the gut endoderm and
where Hex is initially expressed.
We also discovered that, at the onset of morphogenesis,
hepatic endoderm cells can undergo compensatory growth to
maintain the appropriate size of the developing liver bud.
This is striking, given that the adult liver is a regenerative
organ (Fausto and Campbell, 2003). However, the detailed
cell biology of the initial replicative steps in adult livers is
unclear. We suggest that, in Hex chimeric embryos, wild-type
hepatic endoderm cells elevate their proliferative rate in
response to disruptions in the structural integrity of the
epithelium. This may be analogous to cultured cells’ response
to a loss of contact inhibition, upon dilute plating. Although
the polarity of the cuboidal adult hepatocyte is different fromthat of the hepatic endoderm cell initiating INM, disruptions
in the structural integrity of individual cells within the adult
hepatic epithelium, due to damage or disease, may contribute
to the regenerative response (Michalopoulos and Defrances,
1997).
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